The reaction of the alkyl complexes Cp* 2 LnCH(SiMe 3 ) 2 (Ln ) Y 1-Y, Ce 1-Ce, La 1-La; Cp* ) η 5 -C 5 Me 5 ) and Me 2 Si(η 5 -C 5 Me 4 ) 2 LnCH(SiMe 3 ) 2 (Ln ) Ce 5-Ce) with 1-methylalk-2-ynes CH 3 CtCR (R ) Me 3a, Et 3b, n Pr 3c, t Bu 3d, SiMe 3 3e, Ph 3f, C 6 H 4 Me-2 3g, C 6 H 3 Me 2 -2,6 3h, C 6 H 3 i Pr 2 -2,6 3i, C 6 F 5 3j) affords the corresponding η 3 -propargyl/allenyl complexes Cp* 2 LnCH 2 CCR (4a-j-Ln) and Me 2 Si(η 5 -C 5 Me 4 ) 2 CeCH 2 CCR (6a-j-Ce) via propargylic metalation. The hydride complexes [Cp* 2 Ln(µ-H)] 2 (Ln ) Y 2-Y, Ce 2-Ce, La 2-La) react rapidly with 3 to produce mixtures of insertion and propargylic metalation products, and the relative rate of these processes depends on the metal and alkyne substituent. Selected η 3 -propargyl/allenyl complexes Cp* 2 YCH 2 CCR (R ) Me 4a-Y, Ph 4f-Y), Cp* 2 CeCH 2 CCR (R ) Me 4a-Ce, Ph 4f-Ce), Cp* 2 CeCH(Me)CCEt (9b-Ce), Cp* 2 LaCH 2 CCR (R ) Ph 4f-La, C 6 H 3 Me 2 -2,6 4h-La) are obtained on a preparative scale and characterized by NMR spectroscopy, IR spectroscopy, and cryoscopy. Compounds 4f-Y and 4f-La are also characterized by single-crystal X-ray diffraction. The reactions of the η 3 -propargyl/allenyl complexes with Brønsted acids, such as alcohols and acetylenes, afford the corresponding substituted allenes (RCHdCdCH 2 ) and 1-methylalk-2-ynes (CH 3 CtCR) as organic products. The reactions of 4f-Y and 4f-La with Lewis bases, such as pyridine and THF, yield the corresponding base adducts. The adduct 4f-La · py is characterized by single-crystal X-ray diffraction, revealing an η 3 -coordinated propargyl/allenyl ligand. Giardello, M. A.; Conticello, V. P.; Brard, L.;
Introduction
In contrast to allenyl and propargyl derivatives of transition metals, alkali metals, and alkaline earth metals, 1 relatively little is known about related rare-earth metal compounds. 2 In general, η 1 -allenyl (I) and -propargyl (III) metal complexes (Chart 1) are known to exhibit interesting structural features and unusual reactivity. 3 An aspect that has received much recent attention is their tautomeric behavior, as metal η 1 -propargyls have been shown to undergo both reversible and irreversible tautomerization into metal η 1 -allenyls. In addition, various well-characterized delocalized π-bonded η 3 -allenyl/propargyl complexes (II) are known. 4 The first reported rare-earth metal allenyl and propargyl derivatives were made from the reaction of Cp* 2 LuMe with allene and 2-butyne, both yielding allenyl products. 5 A facile 1,3-metal shift in the propargyl intermediate to yield the observed allenyl was proposed, but no experimental evidence was given. A decade later, Heeres et al. reported spectroscopi-cally characterized alkyl-and silyl-substituted rare-earth metallocene 2-alkynyls Cp* 2 LnCH 2 CCR that were implicated as the active catalyst in the organolanthanide-catalyzed cyclodimerization of alkyl-and silyl-substituted 1-methylalk-2-ynes CH 3 CCR (Scheme 1). 6 The reactivity of these species remained unexplored and the exact nature of their bonding was unknown, as structural data were lacking.
Since then, only three studies involving well-defined allenyl/ propargyl rare-earth metal complexes have appeared in literature, including the spectroscopically characterized yttrium η 1 -allenyl species A, which is reported to be in a rapid equilibrium with its η 1 -propargyl isomer A′, 7 some structurally characterized η 3propargyl samarium half-sandwich complexes (e. g., B) , incorporating a chelating allenyl/propargyl ligand system, 8 and a divalent ytterbium η 3 -propargyl (C) , which was also structurally characterized (Chart 2). 9 The only other reports regarding propargyl and/or allenyl rare-earth metal complexes involve proposed reactive intermediates in metal-mediated organic synthesis, prepared in situ by transmetalation reactions of rareearth metal salts with organopalladium intermediates 10 or Grignard reagents. 11 A study on the synthesis, structure, and reactivity of these complexes was initiated to elucidate the nature of the bonding in 2-alkynyl rare-earth metallocenes and investigate their reactive chemistry. The reactions of Cp* 2 LnCH(SiMe 3 ) 2 (1) and [Cp* 2 Ln(µ-H)] 2 (2) with several 1-methylalk-1-ynes (3) were probed as routes toward Lewis-base-free 2-alkynyl rare-earth metal complexes Cp* 2 LnCH 2 CCR (4) . The effects of the metal, ancillary ligand, and alkyne substituent on the rate and selectivity of these reactions are discussed, as well as the structure of the resulting 2-alkynyl rare-earth metal complexes. The reactivity of 2-alkynyl rare-earth metallocenes toward Lewis bases and Brønsted acids was also investigated.
Results and Discussion
Reactions with 1-Methyl-alk-2-ynes on NMR Tube Scale. In this section, the reactions of rare-earth metallocene alkyl and hydride complexes with 1-methylalk-2-ynes on an NMR tube scale are described. Isolation and full characterization of the organometallic products of selected examples are reported in a following section.
(a) Metallocene Alkyls. The alkyl derivatives Cp* 2 LnCH(SiMe 3 ) 2 (1) (Ln ) Y 1-Y, Ce 1-Ce, La 1-La) reacted with equimolar amounts of 1-methylalk-2-ynes CH 3 CCR (R ) Me 3a, Et 3b, n Pr 3c, t Bu 3d, SiMe 3 3e, Ph 3f, C 6 H 4 Me-2 3g, C 6 H 3 Me 2 -2,6 3h, C 6 H 3 i Pr 2 -2,6 3i, C 6 F 5 3j) to afford the corresponding 2-alkynyl complexes Cp* 2 LnCH 2 CCR (4a-j) and CH 2 (SiMe 3 ) 2 , as indicated by in situ NMR spectroscopy (Scheme 2). A correlation between the rate of proton transfer and the (kinetic) acidity of the 1-methylalk-2-ynes might be expected. 12 In this study, the rate of propargylic metalation was found to decrease considerably upon increasing the size of the alkyne substituent R and decreasing the ionic size of the metal Ln. 13 For example, the reactions of the cerium (1-Ce) and lanthanum (1-La) derivatives with 2-butyne (3a) were complete within a few hours at room temperature. The smaller yttrium derivative 1-Y, on the other hand, was unreactive toward 3a, even after prolonged heating at 80°C. The rate of propargylic metalation could be increased by employing a large molar excess of substrate, but then propargylic metalation was accompanied by competing catalytic cyclodimerization of the substrate for the reactions of 1-Ce and 1-La with less sterically encumbered 1-methylalk-2-ynes. No reaction was observed for 1-Ce and 1-La with the more crowded internal alkyne 3-hexyne (7b), even after prolonged heating at 50°C. Nevertheless, for the analogous reactions of 1-Ce and 1-La with 2-pentyne (3b) and 2-hexyne (3c), respectively, complete conversion of 1-Ce and 1-La into the corresponding 2-alkynyl derivatives was observed after 15 days at 50°C. As alkyl groups do not differ significantly in their electronic substituent effects, these reactions appear to be under steric control. 14 Reactions of the ansa-metallocene alkyl Me 2 Si(η 5 -C 5 Me 4 ) 2 CeCH(SiMe 3 ) 2 (5-Ce) with 1-methylalk-2-ynes 3a-j were conducted in order to investigate the effect of opening (6) (a) Heeres, H. J.; Heeres, A.; Teuben, J. H. Organometallics 1990 , 9, 1508 (12) A Hammett plot with a reaction constant F of 1.3 was found for the propargylic metalation of substituted 1-phenyl-1-propynes by n-BuLi, indicating that this reaction is only mildly accelerated by electronwithdrawing substituents; see: Becker, J. Y. J. Organomet. Chem. 1976, 118, 247. (13) Chem. ReV. 1991, 91, 165. (b) Isaacs, N. S. Physical Organic Chemistry, 2nd ed.; Longman: Essex, 1996 . (c) Charton, M. Prog. Phys. Org. Chem. 1981 Many examples exist in the literature, demonstrating that the rates of insertion and σ-bond metathesis are greatly influenced upon linking the cyclopentadienyl ligands by a Me 2Si group; see:(a) Hajela, S.; Bercaw, J. E. Organometallics 1994, 13, 1147. (b) Jeske, G.; Schock, L. E.; Swepston, the metal coordination sphere at the σ-ligand equatorial girdle. 15 Although the scope of the propargylic metalation of 5-Ce toward 3a-j was similar to that of 1-Ce and 1-La, the solubility of the formed 2-alkynyl derivatives was very low. For example, the addition of excess 2-butyne (3a) to 5-Ce resulted in the quantitative formation of CH 2 (SiMe 3 ) 2 and the deposition of orange crystalline [Me 2 Si(η 5 -C 5 Me 4 ) 2 CeCH 2 CCMe] n (6a- Ce) , suggesting the formation of an oligomeric product. Unfortunately, the quality of the crystals was insufficient for singlecrystal X-ray diffraction. Further heating of the reaction mixture led to catalytic cyclodimerization of 3a at a reaction rate comparable to the same reaction catalyzed by Cp* 2 LaCH 2 CCMe (4a- La) . 6 (b) Metallocene Hydrides. In general, the hydride derivatives [Cp* 2 Ln(µ-H)] 2 (2) react rapidly with aliphatic and aromatic 1-methylalk-2-ynes to yield complex, time-dependent reaction mixtures. Reaction mixtures contained significant amounts of cis-alkenes in most cases and the relative amount of the cisalkene depended on the metal and the alkyne substituent. 16 The reactions of 2-Y with 3a-j were generally less selective for the formation of the corresponding 2-alkynyl derivative than those of 2-Ce and 2-La. Also, the composition of the reaction mixtures with 2-Y did not change in time, contrary to reactions with 2-Ce and 2-La. 17 The reactions of 2 with 1-pentafluorophenyl-1-propyne (3j) were more complicated, as product analysis indicated that multiple nonselective insertions of the alkyne take place. 18 NMR tube reactions of the hydride derivatives [Cp* 2 Ln(µ-H)] 2 (2) (Ln ) Y 2-Y, Ce 2-Ce, La 2-La) with molar excesses of 1-phenyl-1-propyne (3f) produced mixtures that appear to contain three metallocene species, one of them being Cp* 2 LnCH 2 CCPh (4f), and cis-1-phenyl-1-propene. The concentration of 4f and cis-1-phenylprop-1-ene gradually increased over time. Even though the two additional metallocenes in these reaction mixtures could not be identified unambiguously, quenching experiments with methanol-d 4 afforded cis-1-phenyl-1-propene-d 1 , suggestive of the presence of Cp* 2 LnC-(Ph)dC(Me)H (8fa) and Cp* 2 LnC(Me)dC(Ph)H (8af).
These results can be rationalized by three separate pathways by which a monomeric hydride derivative Cp* 2 LnH reacts with 3f (Scheme 3). 19 Analogous to the above alkyls, Cp* 2 LnH may react with 3f via propargylic C-H activation, forming Cp* 2 LnCH 2 CCPh (4f-Ln) and dihydrogen. The formation of 2-La from the reaction of 4f-La with excess dihydrogen suggests that propargylic C-H activation by Cp* 2 LaH is reversible. 20 Contrary to the above alkyls, however, insertion of Cp* 2 LnH into the carbon-carbon triple bond of 3f may also take place: 1,2-and 2,1-insertion give rise to the 1-phenylprop-1-en-2-yl 8fa and the 1-phenylprop-1-en-1-yl 8af derivative, respectively. This process is exemplified by the reaction of [Cp* 2 La(µ-H)] 2 (2- La) with diphenylethyne, producing the alkenyl derivative Cp* 2 LaC(Ph)dC(Ph)H (8ff- La) in high isolated yield. The reaction of 8af and 8fa with 3f yields 4f-Ln and cis-1phenylprop-1-ene. Evidence for this process is provided by the reaction of 8ff-La with 3f, producing 4f-La and cis-diphenylethene. Other routes to the formation of cis-1-phenylprop-1-ene are plausibly the reactions of 8af and 8fa with dihydrogen, formed from propargylic C-H activation of 3f by Cp* 2 LaH.
Preparative Scale Reactions. The yellow Cp* 2 YCH 2 CCMe (4a-Y) and orange Cp* 2 YCH 2 CCPh (4f-Y) yttrium derivatives, the green cerium compounds Cp* 2 CeCH 2 CCMe (4a-Ce), Cp* 2 CeCH 2 CCPh (4f- Ce) , and Cp* 2 CeCH(Me)CCEt (9b- Ce) , and the red lanthanum compounds Cp* 2 LaCH 2 CCPh (4f- La) and Cp* 2 LaCH 2 CCC 6 H 3 Me 2 -2,6 (4h- La) were obtained as crystalline materials by addition of excess 1-methylalk-2-yne to pentane suspensions of the corresponding hydrides and subsequent crystallization by cooling. The isolated yields of the The phenyl-substituted 2-alkynyl derivatives Cp* 2 LnCH 2 -CCPh (4f) could be prepared in high isolated yields by performing the reaction of the hydride 2 with 1-phenyl-1propyne (3f) while removing the H 2 formed by the reaction by repeated brief evacuations. A more convenient preparative method involves the in situ formation of the hydride 2 from the alkyl 1. This is achieved by replacing the nitrogen atmosphere of a pentane solution of 1 by hydrogen (1 atm), subsequent stirring for 12 h at 0°C, replacing the hydrogen atmosphere again by nitrogen, and addition of alkyne. A crystalline solid was obtained after complete in Vacuo removal of the organic compounds in the crude product mixture (e.g., cis-1-phenylprop-1-ene, CH 2 (SiMe 3 ) 2 , unreacted 3f).
The putative oligomeric 2-butynyl compound [Me 2 Si(η 5 -C 5 Me 4 ) 2 CeCH 2 CCMe] n (6a- Ce) was synthesized by addition of excess 2-butyne (3a) to a benzene solution of Me 2 Si(η 5 -C 5 Me 4 ) 2 CeCH(SiMe 3 ) 2 (5-Ce). Its low solubility impeded the use of NMR spectroscopy and cryoscopy, but elemental analysis, infrared spectroscopy, and its reactivity with 2,6-di-tert-butyl-4-methylphenol confirmed its identity (Vide infra). 21
Reactivity toward Lewis Bases. (a) Tetrahydrofuran. The reaction of Cp* 2 LaCH 2 CCPh (4f- La) with an equimolar amount of tetrahydrofuran (THF) in benzene-d 6 revealed a rapid and clean reaction without color change, as indicated by in situ 1 H NMR spectroscopy (Scheme 4). 16 The upfield shifts of the THF 1 H and 13 C NMR resonances versus free THF (e.g., ∆δ -0.55 and -0.04 ppm for the Rand -carbon, respectively, in the 13 C NMR spectrum) are consistent with the coordination to the electrophilic metal center. On the basis of the upfield shift of the propargylic CH 2 carbon resonance vs 4f-La (∆δ -1.37 ppm) and the similarity of the NMR spectral parameters with the crystallographically characterized pyridine adduct Cp* 2 La(η 3 -CH 2 CCPh) · C 5 H 5 N (Vide infra), an η 3 -propargyl/allenyl structure is favored for Cp* 2 LaCH 2 CCPh · C 4 H 8 O (4f-La · THF).
(b) Pyridine. A clean and quantitative reaction was also observed for the reaction of Cp* 2 LaCH 2 CCPh (4f- La) with an equimolar amount of pyridine (Scheme 4) with in situ 1 H NMR spectroscopy. The formation of the corresponding adduct (4f-La · py) is indicated by the upfield shifts of the pyridine proton (∆δ -0.12, -0.17, and -0.19 ppm for R-, -, and γ-CH, respectively) and carbon resonances (∆δ -0.55, -0.30, and +1.77 ppm for R-, -, and γ-CH, respectively) upon metal coordination. The changes of the 1 H and 13 C NMR resonances of 4f-La are similar to those observed previously for 4f-La · THF. A single-crystal X-ray analysis study of 4f-La · py established unambiguously that the bonding of the propargyl/ allenyl ligand in 4f-La · py is trihapto (Vide infra).
The reaction of Cp* 2 YCH 2 CCPh (4f-Y) with pyridine was studied to investigate the effect of metal size on the bonding mode of the η 3 -propargyl/allenyl ligand upon Lewis base coordination. NMR spectroscopy indicated that the addition of pyridine (1 equiv) to 4f-Y led to the rapid and clean formation of the corresponding Lewis base adduct 4f-Y · py. The Lewis base adduct Cp* 2 YCH 2 CCPh · C 5 H 5 N (4f-Y · py) was isolated in reasonable yield (63%) as an off-white thermolabile solid. The increased thermolability of 4f-Y · py as compared to 4f-La · py may be explained by an increased nucleophilic character of the propargyl methylene group in the former due to a stonger distortion of the η 3 -bonding of the propargyl/allenyl ligand upon coordination of pyridine to the smaller metal. This increased nucleophilicity could induce reactivity with the coordinated pyridine ligand, as is observed frequently for rare-earth metal alkyl and hydride species. 22 Attempts to obtain single crystals of 4f-Y · py suitable for X-ray analysis failed. Freshly prepared 4f-Y · py turned dark red within hours upon standing at room temperature, and the decomposition products defied unambiguous characterization. X-ray Crystal Structures of Cp* 2 YCH 2 CCPh (4f-Y), Cp* 2 LaCCPh (4f- La) , and Cp* 2 LaCH 2 CCPh · py (4f-La · py). The geometries of the bent metallocene fragments in 4f-Y, 4f-La, and 4f-La · py are similar to that in other lanthanum 23 and lanthanide metallocenes. 24 However, the Cp* ligands are in the less common eclipsed conformation in 4f-La · py. The molecular structure of 4f-La is shown in Figure 1 , and selected bond distances and angles for 4f-Y and 4f-La are given in Table 1 . The phenyl-substituted propargyl/allenyl ligands are clearly bound in an η 3 -mode. 3 The backbone of the η 3 -propargyl/allenyl ligands is virtually coplanar with the metal center (e.g., atom displacements from the least-squares plane: La 0.000, C21 0.001, C22 0.003, C23 0.002 Å for 4f- La) . This structural feature is believed to be typical of η 3 -propargyl/allenyl complexes. 3d-f The crystallographic C21-C22 and C22-C23 bond distances of 1.36(1) and 1.23(1) Å, respectively, are intermediate between those generally accepted for C-C single (1.45 Å) and double (1.31 Å) and double and triple (1.20 Å) bonds, respectively, and the C 3 ligand backbone is thus consistent with resonance between propargyl and allenyl structures. The bond angles C21-C22-C23 of 156°and 159°for 4f-Y and 4f-La, respectively, indicate a considerable deviation from linearity at the central carbon atom, which is typical for η 3 -propargyl/allenyl complexes. 3d-f The solid-state molecular structure of 4f-La · py is depicted in Figure 2 , and selected bond distances and angles are given in Table 1 . It is interesting to note that pyridine coordinates at the more substituted side of the η 3 -propargyl/allenyl ligand, suggesting that the coordination of Lewis bases is controlled by electronic factors rather than steric factors. The solid-state structures of 4f and 4f-La · py reveal several changes upon pyridine coordination. First, a slight distortion of the coplanar arrangement of the metal center with the η 3 -propargyl/allenyl carbon backbone is seen (atom displacements from the leastsquares plane relative to 4f-La · py: La ∆ +0.002, C26 ∆ +0.010, C27 ∆ +0.018, C28 ∆ +0.010 Å). An apparent shift toward a more propargyl-like structure is also observed, as evidenced by the increased distances between lanthanum and the terminal carbon (∆ 0.08(1) Å).
Spectroscopic Characterization. (a) NMR Spectroscopy.
Selected 1 H and 13 C NMR resonances of several Cp* 2 LnCH 2 CCR complexes are shown in Table 2 . The diamagnetic yttrium and lanthanum Cp* 2 LnCH 2 CCR complexes exhibit equivalent Cp* and CH 2 resonances in the 1 H and 13 C NMR spectrum. No 1 H and 13 C NMR resonances attributable to distinct η 1 -propargyl and η 1 -allenyl forms of Cp* 2 YCH 2 CCPh (4f-Y), Cp* 2 LaCH 2 CCPh (4f- La) , and Cp* 2 LaCCC 6 H 3 Me 2 -2,6 (4h- La) were observed at temperatures down to -80°C. These observations, together with the solid-state structures of 4f-La and 4f-Y, suggest that the Cp* 2 LnCH 2 CCR compounds have a static η 3 -propargyl structure and do not exist as a rapid equilibrium mixture of distinct η 1 -propargyl and η 1 -allenyl species in solution, but additional experiments would be needed to settle this issue more rigorously. The NMR data of the present rare-earth metal complexes compare well with those of reported (phenyl-substituted) allenyl and propargyl transition metal complexes 3, 4 and are consistent with an η 3 -allenyl/propargyl structure. 14, 25 Although the chemical shifts of the CH 2 propargyl carbon resonances (C-1, δ 42-56 ppm) of the Cp* 2 LnCH 2 CCR complexes are in the range of metal-bound sp 3 Yttrium-89 has a nucleus with I ) 1/2 in a natural abundance of 100%, and coupling interactions in Cp* 2 YCH 2 CCR (R ) Me 4a-Y, Ph 4f-Y) are observed with the propargyl (C-1) and terminal carbon atom (C-3) of the CH 2 CCR ligand (Table 2) . The absence of an observable J YC on the central carbon (C-2) of CH 2 CCR is in agreement with the nature of metal η 3 - CH 2 CCR bonding. 29 The yttrium-carbon couplings of the propargyl carbon CH 2 (8.1 Hz for 4a-Y and 5.2 Hz for 4f-Y) are notably smaller than those of yttrocene-bound sp 3 carbons, such as Cp* 2 Y(CH 2 C 6 H 3 Me 2 -3,5) 30 ( 1 J YC ) 23.2 Hz) and Cp* 2 YCH(SiMe 3 ) 2 31 ( 1 J YC ) 36.6 Hz) , but are comparable to those of the terminal carbons of the allyl group in Cp* 2 Y(η 3 -C 3 H 5 ) 32 ( 1 J YC ) 3.8 Hz) .
The NMR spectra of the paramagnetic cerium compounds show strongly shifted and broadened resonances. Proton-proton coupling cannot be observed in most cases, and shift-structure relations are not evident. 33 Nonetheless, practically all protons are observable in the 1 H NMR spectra, exhibiting correct integrated intensities. 14 Noteworthy are the strongly high-field shifted R-carbon protons of Cp* 2 CeCH 2 CCMe (4a- Ce) and Cp* 2 CeCH 2 CCPh (4f- Ce) , at δ -30.5 (lw ) 38 Hz, lw ) line width of the resonances at half-maximum) and δ -35.4 ppm (lw ) 78 Hz), respectively. The R-proton of Cp* 2 CeCH(Me)-CCEt (9b-Ce) is found at δ -11.2 ppm (lw ) 43 Hz). The NMR data for 9b-Ce clearly demonstrate that the R-carbon is asymmetric, resulting in diastereotopic CH 2 protons and inequivalent Cp* rings.
The 1 H and 13 C NMR resonances of 4f-La shift in a similar fashion upon coordination of pyridine or THF. The upfield shift of the propargylic CH 2 carbon resonance and the increase in its corresponding first-order carbon, hydrogen coupling constant ( 1 J CH ) suggest an increase in propargylic character of the η 3 -CH 2 CCPh ligand in 4f-La · py and 4f-La · THF relative to 4f-La (Table 2) . The upfield shifts of the CH 2 CC carbon resonances upon coordination of pyridine are larger for 4f-Y · py than for 4f-La · py, suggesting that the shift toward more propargylic character of the CH 2 CCPh ligand in Cp* 2 LnCH 2 CCPh · py is influenced by steric factors. IR spectroscopy also points to a substantial increase of propargylic character in 4f-Y upon coordination of pyridine (Vide infra), but the overall η 3coordination of the CH 2 CCPh ligand in 4f-Y · py is clearly indicated by the coupling between yttrium and the propargyl and terminal carbon atoms.
(b) Infrared Spectroscopy. Infrared spectroscopy has been widely used as a diagnostic tool in determining the relative contribution of allenylic and propargylic structures. 1 In the 1890-2000 cm -1 region of the infrared spectrum, strong and medium absorptions were observed for the present (4) av La-C(Cp*) 2.806 (16) av La-C(Cp*) 2.841 (7) 2.652 (4) av La-C(Cp*) 2.780 (16) av La-C(Cp*) 2.852 (7) (c) Substituent Effects. The 1 H NMR data of the propargyl derivatives Cp* 2 LnCH 2 CCR reveal that the propargylic CH 2 resonances move upfield with increasing ortho-substitution in the Cp* 2 LaCH 2 CCC 6 H 3 R 2 -2,6 (R ) H 4f-La, Me 4h-La, i Pr 4i-La) series, while substitution of the phenyl group by a pentafluorophenyl group has the opposite effect (Table 2) . The 13 C NMR data of the η 3 -CH 2 CCR ligand of the Cp* 2 LaCH 2 CCR complexes show a similar trend. The CH 2 and CH 2 CC resonances shift upfield, while the CH 2 CC resonances shift downfield upon increasing the steric bulk at the ortho-positions of the phenyl group. A reverse change is observed (i.e., the CH 2 and CH 2 CC resonances shift downfield and the CH 2 CC resonance shifts upfield), when the phenyl group in Cp* 2 LaCH 2 CCPh is replaced by a pentafluorophenyl group.
The first-order carbon-hydrogen couplings ( 1 J CH in Hz) of the propargylic carbon in the Cp* 2 LaCH 2 CCR series decrease in the following order: C 6 F 5 (163) > C 6 H 5 (158) > C 6 H 3 Me 2 -2,6 (157) > C 6 H 3 i Pr 2 -2,6 (157). 14 Under the assumption that the polar effects of the metal center are constant in the series Cp* 2 LaCH 2 CCR, this decrease in 1 J CH arguably reflects a change in hybridization, pointing to a change from a sp 2 -type carbon in E and F to a more sp 3 -type carbon in D (Scheme 5). 35 On the basis of the 1 J CH value of the methyl group, the relative σ-electron-withdrawing ability of the substituent R on the alkynes CH 3 CCR was found to increase in the following order: 3h (C 6 H 3 Me 2 -2,6, 131.0) ≈ 3i (C 6 H 3 i Pr 2 -2,6, 131.0) < 3f (Ph, 131.4) < 3j (C 6 F 5 , 133.0). 14,36 In this light, structurally diagnostic spectroscopic parameters of the Cp* 2 LaCH 2 CCR complexes, such as (1) the proton chemical shift of the CH 2 group, (2) the carbon chemical shifts of the η 3 -CH 2 CCR ligand, and (3) the first-order carbon-hydrogen coupling constant of the CH 2 group, correlate well with the σ-electron-withdrawing ability of the ligand, revealing that the bonding character of the η 3 -CH 2 CCR ligand in Cp* 2 LaCH 2 CCR complexes is mainly influenced by the electronic effects of the alkyne substituent R. 37 The (steric) effect of the di-ortho-isopropyl groups in 3i as compared to the di-ortho-methyl groups in 3h is relatively small on the above structurally diagnostic spectroscopic parameters.
Reactions with Brønsted Acids. (a) Methanol. When the Cp* 2 LnCH 2 CCR complexes were allowed to react with methanold 4 , rapid reactions occurred, as indicated by instantaneous color changes to light yellow. The organic reaction products were identified as the acetylenic (RCCCH 2 D) and allenylic (RCDdCdCH 2 ) deuterolysis products of the η 3 -CH 2 CCR ligand (Scheme 6). Analogous reactions with methanol were conducted, and the ratios of acetylenic and allenylic products were determined by in situ 1 H NMR spectroscopy (using appropriate long pulse delays to avoid signal saturation under the present anaerobic conditions). The results reveal that the influence of metal size (entries 1and 2, Table 3 ) and the electronic substituent effect of the alkyne substituent (entries 2 and 6) is small on the relative amount of acetylenic quenching product. More pronounced effects are observed for the steric effect of the alkyne substituent (entries 2 and 5). To study the effect of a sterically more hindered alcohol than methanol, analogous reactions with 2,6-di-tert-butyl-4-methylphenol (HOAr) were performed. These reactions were also rapid, forming the corresponding Cp* 2 LnOAr (10) compounds quantitatively. The results reveal that the effect of a sterically more hindered alcohol is small on the regioselectivity of the protonolysis reaction (entries 1 and 2, Table 3 ).
(c) Phenylacetylene. When a stoichiometric amount of phenylacetylene was added to a benzene-d 6 solution of 4f-La at room temperature, the orange solution turned immediately dark red. Only 57% of 4f-La was consumed upon complete conversion of phenylacetylene, as determined by in situ 1 H NMR spectroscopy. NMR and GC-MS analysis revealed products previously observed in the lanthanocene-catalyzed oligomerization reaction of phenylacetylene (Scheme 7), 38 while the protonated η 3 -propargyl/allenyl ligand was converted into phenylallene and 1-phenyl-1-propyne in a 1.00:0.20 ratio, respectively. When 4f-La was allowed to react with a 2-and 10-fold molar excess of phenylacetylene, the complete consumption of phenylacetylene was accompanied by a mere 80% and 88% conversion of 4f-La, respectively. It seems therefore that protonolysis of 4f-La by phenylacetylene is slow relative to oligomerization of phenylacetylene catalyzed by monomeric Cp* 2 LaCCPh.
(d) Mechanism. The formation of allenylic and acetylenic quenching products in the reaction of Cp′ 2 LnCH 2 CCR complexes with Brønsted acids may be rationalized by initial Lewis base coordination (Scheme 8). Nucleophilic attack at the metal center may take place at the substituted side or at the unsubstituted side of the η 3 -propargyl/allenyl ligand. 39 The formation of the Lewis base adducts is plausibly followed by the electrophilic attack of the hydroxyl proton on the most polarized carbon of the η 3 -propargyl/allenyl ligand. As a result, the η 1allenyl-like Lewis base adduct G, formed from nucleophilic base attack at the unsubstituted side of the η 3 -propargyl/allenyl ligand, will give rise to the allenylic quenching product upon protonolysis, and the η 1 -propargyl-like Lewis base adduct H, formed from nucleophilic base attack at the substituted side of the η 3propargyl/allenyl ligand, will give rise to the acetylenic quenching product.
The solid-state structure of Cp* 2 LaCH 2 CCPh · C 5 H 4 N (4f-La · py) showed that pyridine is coordinated to the metal center at the more substituted side of the η 3 -propargyl/allenyl ligand (Vide supra). Although this finding suggests that the coordination of Lewis bases is controlled by electronic factors rather than steric factors, more experiments are needed to determine whether the regioselectivity of the protonolysis reaction of the Cp′ 2 LnCH 2 CCR complexes is under electronic or steric control. It should be noted that the catalytic cyclodimerization of 1-methylalk-2-ynes is presently believed to involve alkyne insertion into the propargylic Ln-CH 2 bond and the allenylic La-CH(R) bond of Cp′ 2 LnCH 2 CCR complexes. 40 As alkyne insertion reasonably proceeds via initial Lewis base coordination, 41 the side of Lewis base coordination at the metal center may also control the regioselectivity of the reaction of 4f-La with 1-methylalk-2-ynes.
Conclusions
Novel rare-earth metallocene η 3 -propargyl/allenyl derivatives have been prepared via the reactions of the alkyl derivatives Cp* 2 LnCH(SiMe 3 ) 2 or hydride derivatives[Cp* 2 Ln(µ-H)] 2 with the corresponding 1-methylalk-2-ynes CH 3 CCR. Spectral and structural analysis provided evidence for a static η 3 -bonding description of the propargylic/allenylic ligand in Cp* 2 LnCH 2 CCR. NMR spectroscopy revealed that changes toward a more propargylic or a more allenylic character of the η 3 -CH 2 CCR ligand in Cp* 2 LaCH 2 CCR complexes are brought about mainly by the electronic effects of the alkyne substituent R. Despite the η 3 -bonding of the propargyl/allenyl ligands, the compounds can still accommodate an additional Lewis base ligand. Reactions of the Cp* 2 LnCH 2 CCR complexes with Brønsted acids produce both acetylenic (CH 3 CtCR) and 
Experimental Section
General Considerations. All reactions and manipulations of airand moisture-sensitive compounds were performed under a nitrogen atmosphere using standard Schlenk, vacuum line, and glovebox techniques. Deuterated solvents were dried over Na/K alloy prior to use. Other solvents were dried by percolation over columns of aluminum oxide, BASF R3-11-supported Cu oxygen scavenger, and molecular sieves (4 Å) (pentane) or by distillation from Na/K alloy (THF, cyclohexane). The compounds Cp* 2 LnCH(SiMe 3 H NMR spectra were referenced to resonances of residual protons in deuterated solvents and reported in ppm relative to tetramethylsilane (δ 0.00 ppm). The coupling constants J and the line width (lw) of the resonances at half-maximum are given in Hz. The 13 C NMR spectra were referenced to carbon resonances of deuterated solvents. 19 F NMR spectra were referenced internally to hexafluorobenzene in CDCl 3 (δ -163.0 ppm). IR spectra of pure compounds and KBr pellets or Nujol solutions of the samples were recorded on a Mattson 4020 Galaxy FT-IR or a Pye-Unicam SP3-300 spectrophotometer. The elemental analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim an der Ruhr, or the Microanalytical Department of the University of Groningen. All found percentages are the average of at least two independent determinations. GC analyses were performed on a HP 6890 instrument with a HP-1 dimethylpolysiloxane column (19095 Z-123) . GC-MS spectra were recorded at 70 eV using a HP 5973 mass-selective detector attached to a HP 6890 GC as described above. Vacuum sublimations were carried out by using a homemade sublimation apparatus. Molecular weights were determined by cryoscopy in benzene. Scheme 8. Proposed Mechanism for the Reactions of the Cp* 2 Ln(η 3 -CH 2 CCR) Complexes with Alcohol R′OH prepared copper bronze and placed in a nitrogen atmosphere. A 16.52 g (99.5 mmol) sample of KI, 8.30 g (32. 7 mmol) of iodine, and 50 mL of dry DMSO were added, and the resulting mixture was stirred and heated to 60°C. After addition of 20 g of freshly prepared n-butylnitrite a solution of 12.1 g (68.2 mmol) of 2,6diisopropylaniline in 30 mL of DMSO was added dropwise. The reaction mixture was stirred for 2 h at 60°C. The reaction was stopped by adding aqueous solutions of sodium chloride and sodium bisulfite. Filtration, separation, drying over MgSO 4 , and rotatory evaporation gave a yellow oil, which was purified with column chromatography (silica, hexanes). Yield: 15.2 g (78%) of a light yellow, viscous liquid. 1 H NMR (300 MHz, CDCl 3 , 25°C): δ 7.20 (m, CH, 1 H), 7.04
Supporting Information Available: More detailed experimental procedures are given, as well as spectroscopic data of representative transition metal complexes (for reference) and aromatic 1-methylalk-2-ynes. Graphic representations of the dependence of the proton chemical shift of the CH 2 group, the carbon chemical shifts of the C 3 ligand, and the first-order carbon-hydrogen coupling constant of the CH 2 group in Cp* 2 LaCH 2 CCR complexes versus the firstorder carbon-hydrogen coupling constant of the CH 3 group of the corresponding neutral ligand CH 3 CCR. The solid-state structure of Cp* 2 Y(η 3 -CH 2 CCPh) (4f-Y) is shown as well. This material is available free of charge via the Internet at http://pubs.acs.org. (1) 100 (1) 100 (1) b) 0.0393, 0.0 0.0, 0.0 0.0316, 0.0
